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Background
Shigella is a Gram-negative facultative intracellular bacterium that causes bacillary dysentery in humans. Shigella invades cells of the colonic mucosa owing to its virulence plasmidencoded Type 3 Secretion System (T3SS), and multiplies in the target cell cytosol. Although the laboratory reference strain S. flexneri serotype 5a M90T has been extensively used to understand the molecular mechanisms of pathogenesis, its complete genome sequence is not available, thereby greatly limiting studies employing high-throughput sequencing and systems biology approaches.
Results
We have sequenced, assembled, annotated and manually curated the full genome of S. flexneri 5a M90T. This yielded two complete circular contigs, the chromosome and the virulence plasmid (pWR100). To obtain the genome sequence, we have employed longread PacBio DNA sequencing followed by polishing with Illumina RNA-seq data. This provides a new pipeline to prepare gapless, highly accurate genome sequences. Furthermore, we have performed genome-wide analysis of transcriptional start sites and determined the length of 5' untranslated regions (5'-UTRs) at typical culture conditions for the inoculum of in vitro infection experiments. We identified 6,723 primary TSS (pTSS) and 7,328 secondary TSS (sTSS). The S. flexneri 5a M90T annotated genome sequence and the transcriptional start sites are integrated into
Background
Shigella is an enteroinvasive Gram-negative bacterium that causes shigellosis or bacillary dysentery in humans. Shigella is responsible for significant morbidity and mortality, particularly in young children and immunocompromised adults [1, 2] . In 2010, around 188 million cases of shigellosis occurred globally, including 62.3 million cases in children younger than 5 years [3] [4] [5] . A vast majority of the disease burden due to Shigella spp. can be attributed to S. flexneri in the developing world and to S. sonnei in more industrialized regions [1] .
S. flexneri has a low infection dose of only 10 to 100 bacteria [6] . Shigella causes disease by invading the colonic mucosa, resulting in an intense acute inflammatory response. The bacterium spreads via the fecal-oral route upon ingestion of contaminated food or water and also via person-to-person contact [7] .
S. flexneri 5a M90T, along with S. flexneri 2a, is the most commonly employed laboratory reference strain for S.
flexneri [8] . Indeed, the majority of our knowledge of the molecular mechanisms of Shigella pathogenesis has been obtained using S. flexneri M90T as a model. The genome of this strain is composed of a circular chromosome and a megaplasmid (virulence plasmid), called pWR100 [9] . The pathogenesis of Shigella spp.
strictly depends on the virulence plasmid, which encodes several factors that are essential for invasion of host defenses [10] .
Due to its prime importance, the virulence plasmid was one of the first genomic elements to be sequenced, at least partially, in S. flexneri 5a M90T; a major breakthrough at the time [ Here we present the full, high-quality, and annotated genome of S. flexneri 5a M90T. Furthermore, we identified the genes that are expressed during mid-exponential growth in TSB, the typical condition used for in vitro infections with Shigella. In addition, we determined the active transcriptional start sites during mid-exponential growth in TSB and the length of 5'-UTR regions.
Results
Complete and gapless genome assembly of S. flexneri 5a M90T 
Polishing of genome assembly using RNA-seq reads
We employed reads from RNA-seq experiments performed on an Illumina HiSeq2000 system to polish the assembled genome. For the first round of polishing, we used the BWA software [26, 27] to align with the assembled genome the reads generated from a library in which the rRNA was depleted with RiboZero (RNAseq-RZ). This step allowed us to polish all the transcribed regions, independently of post-transcriptional processing, as with this method of rRNA depletion all other classes of RNAs are retained.
The resulting alignment was used to feed Pilon/1.22 [28] for a second round of iterative genome assembly polishing. This second round of polishing was performed with the data set generated with RNA from which the rRNA was depleted with 5'-phosphatedependent Exonuclease (RNAseq-TEX). The polishing process was stopped when no further changes were observed in the Pilon output. The final polished genome assembly yielded the chromosome, 4,596,714 bp in length (Fig. 1a) , and the virulence plasmid pWR100, 232,195 bp in length (Fig. 1b) . Both replicons were gap-free and circular molecules.
Gene prediction and functional annotation
Gene prediction and annotation was carried out with three different pipelines; a) RAST, b) Prokka and c) PGAP/NCBI. The number of predicted genes, coding regions (CDSs) and non-coding RNAs (ncRNAs) was different for the three analyses (Table S1 ). Our data showed that S. flexneri 5a M90T has a high number of pseudogenes (Table 1 ) and insertion sequences (ISs) ( Table 2 ).
In the genome of S. flexneri 5a M90T that we are reporting there are 13 different families of ISs on the chromosome and 15 families on the virulence plasmid ( 
Whole-genome transcriptional start site determination
To obtain differential RNA-seq (dRNA-seq) data, RNA samples were secondary TSSs (Fig. 3 ). For the chromosome we annotated 13,216
TSSs, of which 6,280 were designated as primary TSSs and 6,936
as secondary TSSs (Fig. 3 , Table S2 and S3). In total we have annotated 6,723 putative pTSSs and 7,328 putative sTSSs. This number corresponds to roughly 2.7 TSSs per CDS. The global TSS map of S. flexneri 5a M90T and the genome sequence has been integrated into RegulonDB(http://regulondb.ccg.unam.mx/) [29] for easy accessibility and visual display.
Analysis of the length of 5'-UTRs and leaderless transcripts
The TSS analysis shows that the longest 5'UTR in S. flexneri 5a
M90T is 190 bp on the chromosome and 128 bp on the virulence plasmid ( 
Data accessions
The fully sequenced and annotated S. flexneri 5a M90T genome is available in GenBank under the accession numbers CP037923 (RNAseq-TEX). The expression data set is available in GEO [32] with the accession number XXXXX.
As this is the only full genome of S. flexneri 5a M90T, it has been recognized as the reference genome and included in the RefSeq database with the accession numbers NZ_CP037923
(chromosome) and NZ_CP037924 (virulence plasmid). All data that were generated are integrated into RegulonDB for easy accessibility and visualization with JBrowser [33] . The S.
flexneri 5a M90T genome is integrated in RSAT [30] database to use its analysis tools.
Discussion
The genome sequence that we report here contains some substantial differences compared to the previously sequenced versions[10, 11, 14]. Minor differences might be due to the fact that the previously published DNA sequences of S. flexneri 5a M90T were obtained from a streptomycin-resistant spontaneous mutant (S.
flexneri 5a M90T Sm), which was derived from the original S. To achieve a complex landscape of alternative transcriptional units, transcriptional regulation occurs at multiple levels [51] .
Different lengths of the 5'-UTR play a very important role in translational regulation [52] [53] [54] . Indeed, the length of a 5'-UTR can provide insight into the regulation of gene expression [53] .
For example, long 5'UTRs may contain riboswitches or provide binding sites for small regulatory RNAs [55] . Leaderless genes are translated by a different mechanism than genes with a leader sequence, as is the case for virF in Shigella spp. [56] .
Conclusions
The genome sequence reported here is the first complete, gapless genome sequence for S. flexneri 5a M90T. Automatic annotation combined with manual curation allowed us to provide a high quality reference genome that will be extremely useful to several types of studies, for example transcriptomics, differential expression analyses, or genome evolution. Moreover, in molecular pathogenesis projects, our results can be used as a resource to know which genes are transcribed before infection of host cells.
The genome sequence together with the analysis of transcriptional start sites is also a valuable tool for precise genetic manipulation of S. flexneri 5a M90T.
In the present work we describe a hybrid cutting-edge sequencing approach and produced a high-quality, gapless reference genome.
The hybrid pipeline that we report here for genome sequencing with long reads and polishing with RNAseq data proofed as a powerful strategy for genome assembly, polishing and annotation that could be implemented any type of organism.
S. flexneri serotype 5a strain M90T is a very important model to study the molecular pathogenesis mechanisms. The availability of a full genome opens the door to discovering new genomic elements and gene regulatory networks that are involved in Shigella pathogenicity.
Material and methods
Bacterial strain and culture conditions
The S. flexneri serotype 5a strain M90T that was used in this 
DNA purification and genome sequencing
Genomic DNA was isolated using the Wizard The RNA concentration was measured using a NanoDrop ND-1000 spectrophotometer (Saveen & Werner AB, Limhamn, Sweden).
Thereafter, the integrity of the 16S and 23S rRNA was checked by agarose gel electrophoresis, using 1% agarose in 1X TAE buffer 
Genome assembly and annotation
De novo genome assembly was performed with the script Canu/1.7[25] implementing the pacbio-raw option using all its default parameters. Output files from Canu assembly were used as input to polish the genome assembled with Pilon/1.22 [28] .
Polishing of the genome assembly was done in two rounds: first one was carried out using the RNA-seq output files from the samples in which the rRNA was depleted with RiboZero (RNAseq-RZ) and the second one was carried out with the RNA-seq results from the samples in which the rRNA was depleted with TEX (RNAseq-TEX). Genome annotation and polishing was performed at Uppsala
Multidisciplinary Center for Advanced Computational Science (UPPMAX) of SciLifeLab at Uppsala University, Sweden.
Annotation of assembled contigs was done using three different pipelines: 1) NCBI Prokaryotic Genome Annotation Pipeline (PGAP) [60] , 2) Prokka/1.12-12547ca [61] and 3) Rapid Annotation using System Technology version 2.0 (RAST) [62] . Genome annotation with Prokka was performed on the UPPMAX server facilities at Uppsala University, Sweden.
The assembled and annotated genome was manually curated using Artemis [63] for visualizing and editing the genome files. The genome was deposited in GenBank with accession numbers CP037923
(chromosome) and CP037924 (virulence plasmid).
RNA treatment for transcriptional start site (TSS) determination and sequencing
To determine transcriptional start sites, the RNA of three passage of Illumina quality standards [58, 59] . 
Reads mapping of TSS library
Reads mapping of transcribed pseudogenes
To count the number of reads aligned per pseudogene we used the alignment results for TSSs mapping. After sorting the alignment with samtools/1.9[26], the reads counting per pseudogene was performed with htseq/0.9.1 [68] using stranded mode and pseudogene as a feature type. The total expression of pseudogenes is the average of the six libraries used for TSSs determination.
Transcriptional start sites annotation and classification
To map dRNA-seq outputs, reads were split by replicon, converted to BAM format and sorted by position with samtools/1.9 [28] . These BAM files were used as input for ReadXplorer [31, 67] 
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